1. Introduction {#sec1-materials-08-05489}
===============

Masonry is widely used worldwide because it is economical and easy to construct. However, the use of masonry is limited in seismic regions because of the inadequate tensile strength and the brittle behavior of the structure. To achieve good seismic performance, masonry is paired with strong materials designed to resist tension. One such dual-structural system is the reinforced concrete (RC) frame structure with masonry panels. RC frame structures with masonry infill panels are very common worldwide because they are practical and economical. However, the seismic performance of these structures, especially in high seismic regions, is disputable.

During an earthquake, both masonry and panel structures have a slight dissipation of energy in their elastic stage. Fracture failure of bricks and frames is the main cause of energy dissipation. Additionally, a large number of cross-shaped cracks on panels are difficult to repair \[[@B1-materials-08-05489],[@B2-materials-08-05489]\]. To improve energy dissipation, Totoev and Lin \[[@B3-materials-08-05489]\] have directed their attentions to dry stack masonry (DSM) infilled reinforced concrete (RC) frame. The most obvious characteristic of DSM is its mortar-less build method. The structural behavior of DSM is not dependent on the performance of mortar and construction work technology, both of which are important factors that result in a high uncertainty of the traditional mortared masonry wall. Hence, DSM is a more stable structure than traditional mortared masonry. Furthermore, DSM is expected to improve efficiency, develop cyclic economy, and reduce environmental pollution \[[@B4-materials-08-05489],[@B5-materials-08-05489]\].

A conceptually new system was proposed to increase the energy dissipation of DSM with framed mechanism \[[@B3-materials-08-05489]\]. According to this concept, masonry infill is considered as a distributed frictional damper. The panel with dry-stacked masonry units is capable of sliding relatively well in the plane of a wall, and is interlocked to prevent relative sliding out of the plane of the wall.

Previous research showed that the DSM in the new system could cause considerable energy dissipation to the RC frame \[[@B3-materials-08-05489]\], indicating that the behavior and mechanism of DSM panels contribute significantly to infilled RC frames. This study determines both the compressive properties (*i.e*., compressive strength, elastic modulus, and normal joint stiffness) and shear behavior (*i.e.*, cohesion, hysteretic loop, and variation of friction factor) of DSM by a series of experimental tests, such as uniaxial compression tests on dry mortar masonry prisms and cyclic shear tests on DSM joints.

2. Materials and Mechanics {#sec2-materials-08-05489}
==========================

Masonry is a combination of brick and mortar; the failure mechanism of masonry depends mainly on the behavior and interaction between each composition. The complex mechanical properties of masonry result from the following \[[@B6-materials-08-05489],[@B7-materials-08-05489],[@B8-materials-08-05489]\]: (1) brick and mortar are nonlinear materials with significant discrete characteristics; and (2) the tension and shear capability of mortar are much lower than brick, making mortar the weak link in the whole structure. Hence, the brick joints determine the entire mechanical characteristics of masonry.

2.1. Compression Behavior {#sec2dot1-materials-08-05489}
-------------------------

Several experimental studies have been carried out on the compression behavior of masonry under different load cases \[[@B9-materials-08-05489],[@B10-materials-08-05489],[@B11-materials-08-05489],[@B12-materials-08-05489],[@B13-materials-08-05489],[@B14-materials-08-05489],[@B15-materials-08-05489],[@B16-materials-08-05489]\], including diagonal-compression, flexural test, uniaxial compression test, cyclic compressive loading, and so on. According to the research, the stress-strain relationship has been achieved, the mechanical parameters, such as the elastic modulus yield strength for mortared masonry, have been determined. The influence of mortar strength, thickness, material of bricks, and composite systems on the compressive failure were also investigated experimentally and theoretically \[[@B17-materials-08-05489],[@B18-materials-08-05489],[@B19-materials-08-05489],[@B20-materials-08-05489]\]. According to previous research, a series of mechanical models of masonry joints under compression have been proposed and corresponding simplified methodology has been provided for application in practical engineering. However, there are rare cases of research on the compression behavior of dry stack masonry. DSM is considered an extreme case compared with traditional masonry because of the close-to-zero thickness of mortar between bricks. Under this condition, compressive strength and elastic modulus are significantly affected by the connection between bricks. Interface behavior is affected by roughness, hardness of contact, and is characterized as a significant nonlinear behavior. Uniaxial compression experiments were carried out to investigate mortar influence under two different scenarios: Masonry prism built with mortar (MP_m) and dry stack masonry prism built without mortar (MP_ds).

Sandstone, a common solid concrete brick with dimensions of 227 mm × 113 mm × 80 mm, was used for testing ([Figure 1](#materials-08-05489-f001){ref-type="fig"}a). The material behavior of the brick was determined from a material test. Lin \[[@B21-materials-08-05489]\] studied the brick mechanical properties in detail, and indicated a Young's modulus of 26,365 N/mm^2^, a Poisson's ratio of 0.3, and a density of 2250 kg/m^3^.

Eight prisms were constructed for MP_m. The first specimen (specimen 0) was used to confirm the compression strength for further testing. Compression specimens were constructed and tested according to the Australia Standard (AS3700) \[[@B22-materials-08-05489]\]. According to AS3700, there are must no less than 3 bricks for the testing prism, and the height/thickness ratio of prism should between 3 and 5. Compression tests of the four-brick-high masonry prisms determined the elastic properties of brick units and mortar joints, as well as the compressive strength of MP_m. Seven-brick-high masonry prisms, with a height and thickness ratio of greater than 5 (minimizing the influence of platen restraint), was used to achieve corresponding behaviors of MP_ds.

![Sketch of brick specimen. (**a**) demission of brick; (**b**) positions of LVDTs in MP_m; and (**c**) positions of linear variable displacement transducers (LVDTs) in MP_ds. (units: mm).](materials-08-05489-g001){#materials-08-05489-f001}

Linear variable displacement transducers (LVDTs) were placed on both sides of the specimen to measure displacement across mortar joints and across three bricks, and thus, calculate strain of mortar joint and masonry. LVDTs were not used to measure the displacement within a single brick unit because they are not sensitive enough to measure small brick displacement. LVDTs were mounted onto brackets, which were screwed into the specimen at fine target points to accurately determine the gauge lengths for displacement measurement. The LVDT positions are shown in [Figure 1](#materials-08-05489-f001){ref-type="fig"}b,c. The experimental instruments are shown in [Figure 2](#materials-08-05489-f002){ref-type="fig"}. The masonry prism setups are shown in [Figure 3](#materials-08-05489-f003){ref-type="fig"}a,b. The compressive load was divided by the average cross section to determine the compressive stress under each load case. The average value of vertical displacement recorded by the two LVDTs was chosen. The average vertical displacement divided by the gage length of LVDTs (the initial distance between two installation positions of LVDTs, illustrated in [Figure 1](#materials-08-05489-f001){ref-type="fig"}b,c) is the corresponding strain ε.

![Photo of experimental instruments: (**a**) masonry prism built with mortar; (**b**) loading equipment.](materials-08-05489-g002){#materials-08-05489-f002}

The compression test was used to improve the determination of the elastic modulus. Each specimen was loaded and unloaded three times before finally being loaded into failure mode. Before unloading, specimens were loaded to approximately 40% of their predicted peak loads to capture the elastic loading range and minimize non-recoverable damage. Specimen 1 was loaded to 150 kN before unloading (based on an estimate of P~c~ = 375 kN), specimens 2 to 4 were loaded to 210 kN before unloading (40% of P~c~ specimen 1), and specimens 5 to 7 were loaded to 240 kN before unloading (approximately 40% of the average P~c~ of specimens 1 to 4). The average value of the displacements recorded from the second, third, and final load cycles were used to calculate the elastic modulus of the masonry and mortar. Displacements recorded from the first load cycle were ignored. All the compression tests were stopped upon reaching the ultimate load to avoid damaging the potentiometers.

![Set up of the experiments: (**a**) test setup of MP_m; (**b**) test setup of MP_ds.](materials-08-05489-g003){#materials-08-05489-f003}

2.2. Shear Behavior {#sec2dot2-materials-08-05489}
-------------------

The compression-shear behavior of mortared masonry joints has been deeply investigated for a number of masonry classes by, among others, Atkinson *et al*. \[[@B23-materials-08-05489]\], van der Pluijm \[[@B24-materials-08-05489]\], van Zijl \[[@B25-materials-08-05489]\], Lourenço *et al*. \[[@B26-materials-08-05489]\], Augenti and Parisi \[[@B27-materials-08-05489]\]. The shear displacement curves and failure modes of mortared masonry have been investigated. Additionally, series constitutive models, which are able to be used for engineering application, have been proposed. However, the previous traditional masonry joint studies, which were used as reference for the present study, cannot be used for DSM directly because research on shear behavior of DSM joints is limited.

The failure mode of mortar joints under different pre-compression levels is sorted into three types \[[@B28-materials-08-05489],[@B29-materials-08-05489],[@B30-materials-08-05489]\]: tensile damage, shear damage, and compression-shear damage ([Figure 4](#materials-08-05489-f004){ref-type="fig"}). Cohesion and mortar tensile strength dominated tensile failure. A graphical representation of this failure type is presented in branch OA of [Figure 5](#materials-08-05489-f005){ref-type="fig"}. Initial cohesion and shear friction factor dominated joint failures under medium pre-compression, which is described as the Mohr--Coulomb failure criterion (branch AB of [Figure 5](#materials-08-05489-f005){ref-type="fig"}). A diagonal cracking in the mortar and the cap model occurred (branch BC of [Figure 5](#materials-08-05489-f005){ref-type="fig"}) as normal compressive stresses increased. This occurrence represents the joint failure mode.

![Failure mode of masonry joints.](materials-08-05489-g004){#materials-08-05489-f004}

![Mechanical mode of masonry joints.](materials-08-05489-g005){#materials-08-05489-f005}

Coulomb friction law is suited to masonry joints under medium pre-compression, establishing a linear relationship between shear stress τ and normal stress σ, which is given as:

In the equation, c~0~ represents the cohesion. According to previous research \[[@B31-materials-08-05489]\], the c~0~ is assumed as zero in the case of dry masonry joints due to insignificant roughness at the interface. Additionally, μ represents the friction factor, which characterizes the contact surface. A series of tests was carried out to characterize the Mohr--Coulomb failure criterion. The influence of cyclic loading on the shear properties of masonry joints was investigated.

The cyclic triplet test was set up based on various European standard triplet shear tests \[[@B32-materials-08-05489]\] (shown as [Figure 6](#materials-08-05489-f006){ref-type="fig"}a). Two independent actuators were used in this test: one for vertical cyclic displacement and another for horizontal constant pressure. The embedded pressure sensor of the vertical actuator achieved real-time vertical shear load. The LVDTs positioned in the direction of the shear load measured the relative displacement ([Figure 6](#materials-08-05489-f006){ref-type="fig"}b).

The definition of imposed horizontal displacement histograms was based on previous research \[[@B31-materials-08-05489]\]. This test used three pressure load cases: L series (0.1 MPa), M series (0.3 MPa), and H series (0.5 MPa). Three specimens were tested for each pressure load case. Four displacement amplitudes (with corresponding velocities) were used for each specimen under single pressure: ±0.8 mm (1 mm/min), ±1.6 mm (2 mm/min), ±2.4 mm (2 mm/min), and ±3.2 mm (4 mm/min).

![Compression-shear test of DSP. (**a**) schematic diagram of test; (**b**) photo of test.](materials-08-05489-g006){#materials-08-05489-f006}

3. Experimental Results and Discussion {#sec3-materials-08-05489}
======================================

3.1. Compression Test {#sec3dot1-materials-08-05489}
---------------------

The typical strain-stress curve of masonry joints under compression is shown in [Figure 7](#materials-08-05489-f007){ref-type="fig"}. The MP_m stress-strain diagram was characterized by a downward concavity, which was also reported by previous studies \[[@B33-materials-08-05489],[@B34-materials-08-05489]\]. The MP_m under monotonic uniaxial compression test showed that the strain-stress curve demonstrated a linear behavior as the stress below 40% of compression strength, whereas the strain-stress curve demonstrated a nonlinear behavior as the stress above 70% of uniaxial strength (15 MPa).

The MP_ds strain-stress is divided into two parts: the pre-compression stage and the real-compression stage. The MP_ds stress-strain curves achieved a significant upward concavity because of the initial gap between bricks. The initial gap, however, started to close under compression stress, which tightened the connection between bricks, thus, increasing the prism elastic modulus. Similar results were also reported by other scholars \[[@B35-materials-08-05489]\].

![Typical normal stress-strain curve of different masonry prisms.](materials-08-05489-g007){#materials-08-05489-f007}

All specimens for the MP_m failed because of the mortar joint crushing and vertical split cracking through the front and back face of the brick units ([Figure 8](#materials-08-05489-f008){ref-type="fig"}a). The lateral tensile stress in brick units caused this failure mode and extended through the height. Other scholars \[[@B17-materials-08-05489],[@B25-materials-08-05489]\] reported similar experimental results.

![Typical failure modes of different masonry prisms: (**a**) MP_m; (**b**) MP_ds.](materials-08-05489-g008){#materials-08-05489-f008}

A typical inward tensile crush/crack was observed for the MP_ds. The damage focused on the middle bricks, and cracks occurred at the prism edges ([Figure 8](#materials-08-05489-f008){ref-type="fig"}b). This mode was mostly caused by: (1) stress concentrating on the middle of the brick prism, and (2) the crack not spreading across the brick because the dry stack joint acts as one of the most effective paths for stress release.

[Table 1](#materials-08-05489-t001){ref-type="table"} shows the maximum compression load (P~c~), corresponding maximum compressive stress (f~c~), masonry strain at f~c~, and masonry elastic modulus (E~mas~). Masonry elastic modulus (E~mas~) was commonly calculated as the chord modulus of linear part of the masonry compression stress-strain curve, which is generally defined to be between 5% and 33% of the maximum compressive strength \[[@B6-materials-08-05489]\]. The compression strength of the MP_ds had a slight reduction (15%) compared with that of the MP_m, while the elastic modulus was reduced by more than 62%.

materials-08-05489-t001_Table 1

###### 

Experimental result of uniaxial compression tests.

  No.          Masonry with Mortar   Masonry without Mortar                           
  ------------ --------------------- ------------------------ -------- ------- ------ --------
  1            524.3                 20.4                     15,380   456.6   17.8   7982.6
  2            635.3                 24.7                     23,065   477.9   18.6   8851.3
  3            662.9                 25.8                     22,067   473.5   18.4   6424.6
  4            589.9                 22.9                     23,029   --      --     --
  5            575.5                 22.4                     18,796   --      --     --
  6            420.4                 16.4                     13,709   --      --     --
  7            635.0                 24.7                     21,777   --      --     --
  Mean value   551.7                 21.5                     20,407   469.3   18.3   7702.3
  CV (%)       15.09                 14.99                    18.73    2.40    2.28   15.96

3.2. Shear Test {#sec3dot2-materials-08-05489}
---------------

The results of compression-shear test are listed in [Table 2](#materials-08-05489-t002){ref-type="table"}, which include displacement amplitude (*D*), shear force (*F*), compression force (*N*), shear stress (τ), normal stress (σ), friction factor (μ), average friction factor under different displacement amplitudes (${\overline{\mathsf{\mu}}}_{A}$), and average friction factor under different compression force (${\overline{\mathsf{\mu}}}_{\mathsf{\sigma}}$). The load cases are referred to as "L_1\_2," where "L" refers to the loading series, "1" refers to the number of specimens, and "2" refers to the applied displacement of second amplitudes (*i.e.*, 1.6 mm).

materials-08-05489-t002_Table 2

###### 

Experimental results of shear-compression test.

  Load Cases   D (mm)   F (kN)   N (kN)   τ (MPa)   σ (MPa)   μ      ${\overline{\mathsf{\mu}}}_{A}$   ${\overline{\mathsf{\mu}}}_{\mathsf{\sigma}}$
  ------------ -------- -------- -------- --------- --------- ------ --------------------------------- -----------------------------------------------
  L_1\_1       0.80     2.93     2.70     0.06      0.11      0.54   0.51                              0.48
  L_1\_2       1.60     2.65     2.57     0.05      0.10      0.52                                     
  L_1\_3       2.40     3.00     3.00     0.06      0.12      0.50                                     
  L_1\_4       3.20     2.55     2.55     0.05      0.10      0.50                                     
  L_2\_1       0.80     1.50     2.46     0.03      0.10      0.30   0.30                              
  L_2\_2       1.60     1.18     2.51     0.02      0.10      0.23                                     
  L_2\_3       2.40     1.70     2.66     0.03      0.10      0.32                                     
  L_2\_4       3.20     1.70     2.54     0.03      0.10      0.34                                     
  L_3\_1       0.80     2.60     2.55     0.05      0.10      0.51   0.45                              
  L_3\_2       1.60     2.55     2.65     0.05      0.10      0.48                                     
  L_3\_3       2.40     2.25     2.63     0.04      0.10      0.43                                     
  L_3\_4       3.20     2.00     2.55     0.04      0.10      0.39                                     
  M_1\_1       0.80     9.00     7.77     0.18      0.30      0.58   0.57                              0.56
  M_1\_2       1.60     8.75     7.73     0.17      0.30      0.57                                     
  M_1\_3       2.40     9.10     7.87     0.18      0.31      0.58                                     
  M_1\_4       3.20     8.25     7.36     0.16      0.29      0.56                                     
  M_2\_1       0.80     8.70     7.72     0.17      0.30      0.56   0.55                              
  M_2\_2       1.60     8.60     7.67     0.17      0.30      0.56                                     
  M_2\_3       2.40     8.50     7.77     0.17      0.30      0.55                                     
  M_2\_4       3.20     8.25     7.77     0.16      0.30      0.53                                     
  M_3\_1       0.80     8.48     7.65     0.17      0.30      0.55   0.55                              
  M_3\_2       1.60     8.40     7.64     0.16      0.30      0.55                                     
  M_3\_3       2.40     8.28     7.60     0.16      0.30      0.54                                     
  M_3\_4       3.20     8.30     7.65     0.16      0.30      0.54                                     
  H_1\_2       1.60     16.00    12.60    0.31      0.49      0.64   0.62                              0.62
  H_1\_3       2.40     16.00    12.82    0.31      0.50      0.62                                     
  H_1\_4       3.20     15.00    12.76    0.29      0.50      0.59                                     
  H_2\_1       0.80     18.00    12.94    0.35      0.50      0.70   0.66                              
  H_2\_2       1.60     17.65    13.11    0.34      0.51      0.67                                     
  H_2\_3       2.40     17.00    13.08    0.33      0.51      0.65                                     
  H_2\_4       3.20     16.50    12.96    0.32      0.51      0.64                                     
  H_3\_1       0.80     15.25    12.85    0.30      0.50      0.59   0.59                              
  H_3\_2       1.60     15.13    12.88    0.29      0.50      0.59                                     
  H_3\_3       2.40     15.00    12.84    0.29      0.50      0.58                                     
  H_3\_4       3.20     14.75    12.77    0.29      0.50      0.58                                     

### 3.2.1. Hysteretic Behavior {#sec3dot2dot1-materials-08-05489}

[Figure 9](#materials-08-05489-f009){ref-type="fig"} shows a typical hysteretic loop, which is summarized as a mechanical model in [Figure 10](#materials-08-05489-f010){ref-type="fig"}. The following behaviors are recognized: (1)A significant elasto-plastic behavior is found. At the initial loading stage (Stage a), the force-displacement curve is linear. After the brick starts to slide, friction force is constant, thus, exhibiting a fully plastic behavior (Stage b).(2)The load-displacement curve exhibits obvious "pinching" in the hysteretic graphs (Stage c and c'), which increases with increasing displacement. Considering the test set-up, "pinching" may occur because of the applied pre-compression force combined with the eccentricity in the reaction force when Unit B was moving toward maximum displacement. [Figure 11](#materials-08-05489-f011){ref-type="fig"} is a schematic of the occurring forces.(3)Reload stage (Stage d) exhibits rigid behavior as pre-compression increases ([Figure 10](#materials-08-05489-f010){ref-type="fig"}b).(4)The imperfect connection between the actuator and the middle brick causes the asymmetric behavior of the hysteretic curve.

![Typical hysteretic loop. (**a**) different amplitude with constant compression (σ = 0.5 MPa); (**b**) different compression with same amplitude.](materials-08-05489-g009){#materials-08-05489-f009}

![Mechanical model of the dry stack masonry joint.](materials-08-05489-g010){#materials-08-05489-f010}

![Schematic of additional bending moment.](materials-08-05489-g011){#materials-08-05489-f011}

### 3.2.2. Coulomb Failure Criteria and Shear Friction Degradation {#sec3dot2dot2-materials-08-05489}

Shear and compression stress are calculated by the average force achieved during the test: $$\begin{matrix}
{\tau\text{=}\frac{F}{2A}} \\
{\sigma = \frac{N}{A}} \\
\end{matrix}$$ where F is the shear force that equals to the vertical applied force; N is the normal force that equals to the horizontal applied force; and A is the contact area in this experiment. Shear stress under different compressive stress and displacement amplitudes is shown in [Figure 12](#materials-08-05489-f012){ref-type="fig"} and [Figure 13](#materials-08-05489-f013){ref-type="fig"}, respectively. The results of L_2 were disregarded because of their significant discrepancy. The figures show us that: (1)The influence of normal stress to the frictional factor of the DSM can not be ignored. From [Figure 12](#materials-08-05489-f012){ref-type="fig"}a, a considerable increase of 29% of the frictional factor is found when normal stress increases from 0.1 MPa to 0.5 MPa. Meanwhile, a more stabilized shear stress amplitude is found under higher normal stress level. This variation indicates the shear mechanical behaviour of DSM joints mainly depends on how closely two interfaces contact. For practical test, although there is no significant roughness at the interface, the micro burr exists. As the normal stress increases, the surface contact tighter and the micro burr interlocking with each other more firmly. Therefore, the resistance between bricks is enhanced, which results in the increase of frictional factor.(2)The frictional factor and its discrepancy decreases as load amplitude increases under the same compression stress. The shear friction coefficient was 0.61 and the correlation coefficient was 0.96 for the initial condition (minimum displacement amplitude Δu = 0.8 mm). In contrast, the shear friction coefficient was 0.58 and the correlation coefficient was 0.98 for the final condition (maximum displacement amplitude Δu = 3.2 mm according to past investigations by van Zijl \[[@B25-materials-08-05489]\], and Augenti and Parisi \[[@B27-materials-08-05489]\]. The progressive wearing of blocks caused these coefficient conditions ([Figure 14](#materials-08-05489-f014){ref-type="fig"}).

![Experimental failure criteria: (**a**) different compression stress; (**b**) different amplitudes-1; and (**c**) different amplitudes-2.](materials-08-05489-g012){#materials-08-05489-f012}

![Friction factor decrease under different load cases.](materials-08-05489-g013){#materials-08-05489-f013}

![Wear surface after test.](materials-08-05489-g014){#materials-08-05489-f014}

4. Conclusions and Suggestions {#sec4-materials-08-05489}
==============================

This paper presents the experimental results on the characterization of shear and uniaxial behavior of dry stack masonry joints under cyclic loading. Solid concrete brick, a material common in the AU, was used in all the tests.

The series-compression test examined both the compression strength and elastic modulus of the MP_ds and could lead to further research. Compared to MP_m stress-strain curves, the MP_ds stress-strain curves were characterized by an upward concavity at the initial stage. The compression strength had a slight reduction (15%), whereas the elastic modulus was reduced by over 62%. A typical inward tensile crush/crack was discovered. The damage was focused on the middle bricks and the cracks occurred at the prism edges.

Shear experiments were set up based on various European standard triplet shear tests. The cyclic displacement control was used. The horizontal confining pressure was kept constant while the test was carried out under vertical displacement control. Hysteretic loop curves were achieved and a significant pinch behavior caused by additional bending moment was found. For future research, additional bending moments should be avoided in cyclic shear-compression tests. The experimental results indicated that the Coulomb friction law adequately represents the failure of dry masonry joints. Friction factor was observed to increase along with pre-compression stress and to decrease along with applied amplitude. Large pre-compression and small displacement amplitude were observed to lead to a large friction factor.
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